and Borromean rings 5 synthesized usually by templatedirected 6 protocols depending on molecular recognition 7 and self-assembly 8 processes, represent challenging synthetic goals that have nonetheless been realized. While much progress has been made in developing synthetic strategies to make such compounds, molecules exist 9 beyond this first crop of compounds that need to be accessed by chemical synthesis.
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(1) (a) Wasserman, E. J. Am. Chem. Soc. 1960, 82, 4433-4434. (b) Frisch, H.; Wasserman, E. J. Am. Chem. Soc. 1961, 83, 3789-3795. (2) Catenanes are molecules comprised of two (or more) ring-shaped components that are interlocked like the links in a chain. See: (a) Schill, G. Catenanes, Rotaxanes and Knots; Academic Press: New York, 1971. (b) Molecular Catenanes, Rotaxanes and Knots; Sauvage, J.-P., DietrichBuchecker, C., Eds.; Wiley-VCH: Weinheim, 1999. Chem., Int. Ed. 2002 , 41, 1769 -1772 Andersson, M.; Linke, M.; Chambron, J.-C.; Davidson, J.; Heitz, V.; Hammarström, L.; Sauvage, J.-P. J. Am. Chem. Soc. 2002, 124, 4347-4362. (c) Chem., Int. Ed. Engl. 1989, 28, 189-192. (b) Carina, R. F.; Dietrich-Buchecker, C. O.; Sauvage, J.-P. J. Am. Chem. Soc. 1996, 118, 9110-9116. (c) 5 In some cases, the dynamic covalent structures have been fixed 5, 18, 19 through reduction of their imine bonds to kinetically stable amine ones. Here, we describe the use of DCC in the context of imine bond formation, along with computational modeling, in the template-directed synthesis of two mechanically interlocked molecular bundles from five and six components, respectively. The pool of structures from which these components have been drawn is shown in Figure 1 , and the manner in which they have been employed in the two syntheses is outlined in Scheme 1. The supramolecular assistance to covalent synthesis 11 is provided by hydrogen bonding between crown ether derivatives and secondary dialkylammonium ion centers, and the DCC uses imine bond formation to link together three individually derivatized crown ethers, carrying either one or two formyl groups, singly or doubly, with a trigonal capping reagent 20 displaying the three matching amine functions.
Complexation occurs immediately upon addition of 3.0 equiv of (CHO)-DP24C8 to TAT-H 3 ‚3PF 6 in CD 3 NO 2 , as indicated ( Figure 2 ) by 1 H NMR spectroscopy. As is characteristic of the binding of -CH 2 NH 2 + CH 2 -centers by crown ethers, the two pairs of benzylic methylene protons in TAT-H 3 3+ are shifted upfield from δ ) 4.5 and 4.6 pm to δ ) 3.9 and 4.4 pm, respectively. Moreover, MFPR-H 3 3+ is a kinetically stable complex on the 1 H NMR timescale at 298 K because peaks can be identified for uncomplexed and partially complexed, as well as fully complexed, species. Integration of these peaks suggests that MFPR-H 3 3+ accounts for >95% of the species present in solution. Isothermal titration microcalorimetry (ITC) indicates a "binding constant" per binding site of 11 800 M -1 (∆G°) -5.5 kcal/ mol) between TAT-H 3 3+ and (CHO)-DP24C8 in MeNO 2 . Computational force-field modeling (Figure 3a ) reveals that the three NH 2 functions in TAB should be capable of forming imine bonds with the CHO groups in three complexed (CHO)-DP24C8 macrocycles. Indeed, although 1 H NMR spectroscopy reveals the formation of a number of products initially when 1.0 equiv of TAB is added to MFPR-H 3 ‚3PF 6 , after 2 h these kinetic intermediates converge 21 to the most stable thermodynamic productsMFB-H 3 ‚3PF 6 with 3-fold (C 3V ) symmetryscontaining three imine bonds. This outcome 22 is supported (Figure 3a) by high-resolution electrospray ionization (HR-ESI) mass spectrometric analysis: m/z ) 1131.52 for 2+ compared with the calculated value of 1131.28.
Formation of DFPR-H 3 ‚3PF 6 was observed (Figure 4 ) by 1 H NMR spectroscopy to occur spontaneously upon mixing of (CHO) 2 -DP24C8 and TAT-H 3 ‚3PF 6 in CD 3 NO 2 in a 3:1 ratio. ITC measurements indicate a binding constant per binding site 23 of 3520 M -1 (∆G°) -4.8 kcal/mol) between TAT-H 3 3+ and (CHO) 2 -DP24C8 in MeNO 2 . Computational force-field modeling (Figure 3b ) reveals that 2.0 equiv of TAB is capable of linking all six formyl functions of the (21) Within 10 min of the addition, one witnesses a decrease in the intensity of the peak at δ ) 9.95 ppm for formyl protons as the intensity of the singlet at δ ) 8.10 ppm for imine protons increases simultaneously.
(22) All attempts to obtain X-ray quality single crystals of MFB-H3‚ 3PF6 and DFB-H3‚3PF6 or to reduce (e.g., with BH3-THF and BH3-lutidine) the three and six imine bonds, respectively, have been unsuccessful to date. Hence, the evidence for the formation of these two mechanically interlocked compounds rests primarily on 1 H NMR spectroscopy and mass spectrometry for the present. Scheme 1. Addition of Either (CHO)-DP24C8 or (CHO) 2 -DP24C8 to TAT-H 3 ‚3PF 6 in a 3:1 Ratio Leads to the Formation of the [4]Pseudorotaxanes MFPR-H 3 ‚3PF 6 and DFPR-H 3 ‚3PF 6 , Respectively a a Capping of these two complexes with 1.0 and 2.0 equiv, respectively, of TAB results in the formation of the mechanically interlocked molecular bundles MFB-H 3 ‚3PF 6 and DFB-H 3 ‚3PF 6 , respectively. , a peak at δ ) 9.84 ppm for aldehydic protons could still be observed after 48 h. In the event, it took 8 days for the mechanically interlocked molecular bundle DFB-H 3 3+ to become ( Figure 4d ) the dominant product in the 1 H NMR spectrum. Its formation was confirmed (Figure 3b ) by HR-ESI mass spectrometric analysis: m/z ) 758.40 for [M -3PF 6 ] 3+ , compared with the calculated value of 756.91.
The mechanically interlocked molecular bundles are distinguishable 9 from regular rotaxanes. Once either the singly capped MFB-H 3 3+ or doubly capped DFB-H 3 3+ has been formed, it is the mutual linking together, by a combination of supramolecular and dynamic covalent chemistry, of either five or six components, respectively, that results in the mechanically interlockingsnot the addition of large stoppers to rods to constrain the movement of rings trapped thereupon. This alternative mode of construction 24 of mechanically interlocked compounds represents another way of exploiting the mechanical bond at the molecular level in chemistry. 
